Aims/hypothesis On cross-sectional assessment, a delayed timing of the peak blood glucose level at ≥60 min postchallenge on an OGTT is associated with beta cell dysfunction. In this context, we hypothesised that longitudinal changes in the timing of this peak might predict changes in glucose metabolism. We thus sought to evaluate the longitudinal associations of changes in the timing of the peak glucose level with changes over time in insulin sensitivity, beta cell function and glucose tolerance. Methods A total of 532 women underwent an OGTT at both 3 months and 12 months postpartum. The participants were stratified into four groups according to the change in timing of their glucose peak between the two visits: women with no change in timing of the glucose peak at 30 min (n = 217), those whose glucose peak shifted to an earlier time point (n=120), those whose peak shifted to a later time point (n=87) and women with an unchanged glucose peak at ≥60 min (n=108). Beta cell function was measured using the Insulin Secretion-Sensitivity Index-2 (ISSI-2). Results Compared with an unchanged glucose peak at 30 min, both the shift of the glucose peak to a later time point and a peak that was unchanged at ≥60 min were independently associated with declining ISSI-2 scores (β=−127.5, p<0.001 and β=−98.8, p=0.006, respectively) and increased 2 h post-challenge glucose levels (β=1.28, p<0.001 and β=0.91, p<0.001, respectively) between the two visits. Furthermore, both these patterns of change in peak were independently associated with worsening glucose tolerance (from normal to prediabetes [defined as impaired fasting glucose or impaired glucose tolerance]/diabetes or from prediabetes to diabetes) (OR 8.1, 95% CI 3.0, 22.1 and OR 3.7, 95% CI 1.2, 11.7, respectively). Conclusions/interpretation A delayed timing of the postchallenge peak glucose level is associated with declining beta cell function and worsening glucose tolerance over time.
Introduction
The OGTT has long been used for the classification of glucose tolerance status through the measurement of fasting blood glucose and 2 h post-challenge blood glucose levels [1, 2] . In recent years, other features of the glucose and insulin response during the OGTT have been studied as potential indicators of metabolic function, including the shapes of the glucose and insulin curves [3] [4] [5] [6] , the times to their respective peak levels [7] , the 1 h plasma glucose level [8] and the relationship between fasting glucose level and the nadir of the post-challenge glucose response [9] . Of these measures, the time point after the oral glucose challenge at which the peak blood glucose concentration occurs has recently emerged as a reliably reproducible variable on the OGTT, with 76% agreement on the triplicate testing of individuals assessed on three different days [10] . Furthermore, the presence of a delayed glucose peak (defined as a peak blood glucose level occurring at ≥60 min after the oral challenge) has been associated with beta cell dysfunction, suggesting that this variable may hold a biological meaning [10] .
In this context, we hypothesised that longitudinal changes in the timing of this peak might predict changes in glucose metabolism. Specifically, we hypothesised that a shift of the glucose peak to a later time point in response to the OGTT might predict worsening glucose metabolism. Our objective in this study was therefore to evaluate the longitudinal associations between changes in the timing of the peak glucose on the OGTT and changes over time in insulin sensitivity, beta cell function and glucose tolerance in the first year postpartum in a cohort of women with varying degrees of glucose intolerance in pregnancy, reflecting a broad range of diabetic risk, as described in the next section.
Methods
Study participants This study was performed in the setting of a prospective observational cohort consisting of women representing the full spectrum of glucose tolerance in a recent pregnancy (from normal glucose tolerance [NGT] to gestational diabetes mellitus [GDM] ), who thereby have a broad range of risk of the future development of prediabetes (impaired fasting glucose/impaired glucose tolerance-see the following section) and type 2 diabetes in the years after delivery [11] . This cohort provided a model for studying the longitudinal relationship between changes in the timing of the peak glucose level and glucose metabolism because the range of future diabetic risk within this cohort has been shown to manifest as changes in beta cell function, insulin sensitivity and glycaemia between 3 and 12 months postpartum [11] .
As previously described [11] , the women comprising this cohort are recruited at the time of antepartum screening for GDM in the late second trimester and undergo metabolic characterisation at recruitment and at both 3 months and 12 months postpartum. At our institution, pregnant women are screened for GDM using a 50 g glucose challenge test (GCT) late in the second trimester, and this is followed by referral for a diagnostic OGTT if the GCT is abnormal. In this cohort study, women are recruited either before or after the GCT, and all participants undergo a 3 h 100 g OGTT for determination of GDM status (even if the GCT result is normal). The resultant cohort thus reflects the full spectrum of glucose tolerance in pregnancy from NGT to GDM, which translates to a gradient of future risk for postpartum progression to prediabetes and diabetes. For this cohort study, participants return to the clinical investigation unit at both 3 and 12 months postpartum to undergo repeat metabolic characterisation, including an evaluation of glucose tolerance using a 2 h 75 g OGTT on both occasions. The protocol has been approved by the Mount Sinai Hospital Research Ethics Board and all women have provided written informed consent for their participation.
The current study was performed in the first 532 women to have completed the 12 month visit, thereby enabling an assessment of the longitudinal relationship between changes in the timing of the peak glucose level on the OGTT and changes in glucose metabolism between 3 and 12 months.
Participant assessments at 3 and 12 months postpartum Participants returned to the clinical investigation unit for a 2 h 75 g OGTT at both 3 and 12 months postpartum. All the OGTTs were performed in the morning after an overnight fast, and venous blood samples were drawn to measure both glucose and insulin at fasting and at 30, 60 and 120 min after ingestion of the glucose load, as previously described [12] . At both visits, the OGTT enabled a classification of glucose tolerance into one of three categories, as per the current clinical practice guidelines from the Canadian Diabetes Association [13] : (1) NGT, defined by a fasting glucose level <6.1 mmol/l and a 2 h glucose <7.8 mmol/l, (2) prediabetes, defined as fasting glucose level between 6.1 and 6.9 mmol/l inclusive or a 2 h glucose between 7.8 and 11.0 mmol/l inclusive, and (3) diabetes, defined by a fasting glucose ≥7.0 mmol/l or a 2 h glucose ≥11.1 mmol/l.
Physiological indices
The AUCs for insulin (AUC ins ) and for glucose (AUC gluc ) during the OGTT were calculated using the trapezoidal rule. Insulin sensitivity was measured using the Matsuda Index, an established measure of whole-body insulin sensitivity that has been validated against the euglycaemichyperinsulinaemic clamp [14] . Beta cell function was assessed for each OGTT using the Insulin Secretion-Sensitivity Index-2 (ISSI-2), a validated measure of beta cell function that is analogous to the disposition index obtained from the IVGTT [15, 16] . ISSI-2 has been directly validated against the disposition index from the IVGTT, with which it exhibits a stronger correlation than do other OGTT-derived measures of beta cell function [16] , and it has been used to measure beta cell function in several previous studies, including both clinical trials [17, 18] and observational studies [11, [19] [20] [21] . ISSI-2 is defined as the product of (1) insulin secretion measured by the ratio of AUC ins to AUC gluc , and (2) insulin sensitivity measured by the Matsuda Index [15, 16] .
Glucose response on the OGTT (time to peak glucose) The time to peak glucose was defined as the time point during the OGTT at which the blood glucose level was highest (either 30, 60 or 120 min). For each participant, the peak was determined on OGTTs at both 3 and 12 months postpartum. Based on the relationship between the time to peak glucose at 3 months and that at 12 months, participants were stratified into four groups: (1) those with a time to peak glucose that was unchanged at 30 min between the two visits; (2) those with a peak glucose that was shifted to an earlier time point during the OGTT at the 12 month postpartum visit compared with 3 months postpartum, (3) those with a peak glucose that was shifted to a later time point during the OGTT at 12 months compared with Table 1 Study population stratified into four groups according to the change in timing of the peak glucose level between 3 and 12 months postpartum
Characteristic
No change in peak at 30 min (n=217)
Shift to an earlier peak (n=120)
Shift to a later peak (n=87) Continuous data are mean±SD or median (25th-75th percentiles); p for differences across groups 3 months, and (4) women with a time to peak glucose peak that was unchanged at ≥60 min at both visits.
Statistical analysis All analyses were conducted using SAS9.2 (SAS Institute, Cary, NC, USA). Continuous variables were tested for normality of distribution, and natural log transformations of skewed variables were used, where necessary, in subsequent analyses. Variables with normal distribution are presented as mean±SD, and those with nonnormal distribution are presented as median (25th-75th percentiles).
Univariate differences between the four groups that were defined according to change in time to peak glucose were assessed at 3 and 12 months postpartum using one-way ANOVA for continuous variables and the χ 2 test for categorical variables ( Table 1 ). The changes in each group of insulin sensitivity (Matsuda index), beta cell function (ISSI-2), fasting glucose and 2 h glucose between 3 and 12 months postpartum were compared using ANOVA (Fig. 1a-d ) to determine whether there were differential changes between the groups in these measures over time. In addition, the baseline-adjusted changes in ISSI-2 and 2 h post-challenge glucose were compared between the groups by analysis of covariance (Fig. 1e, f) .
Multiple linear regression models were constructed to determine whether the change in the time to peak glucose on the OGTT was independently associated with the change in beta cell function (ISSI-2) and 2 h post-challenge glucose ( Table 2 ). The reference group in these analyses was those with a glucose peak that was unchanged at 30 min for the two visits. The covariates included in these models consisted of (1) conventional risk factors for diabetes (age, ethnicity, family history of diabetes, BMI and previous GDM), ( 2) a potential confounder that could affect the association of peak glucose with the outcomes (AUC gluc ), and (3) baseline measure of the outcome (ISSI-2 or 2 h glucose at 3 months postpartum). The covariates were tested for multicollinearity using the variance inflation factor. To evaluate the robustness of these findings, sensitivity analyses were performed that were restricted to only those women with NGT at 3 months postpartum (see electronic supplementary material [ESM] Table 1 ).
Finally, logistic regression analyses were performed to identify independent determinants of worsening glucose tolerance between the OGTT at 3 months postpartum and the Fig. 1 Comparison of the change between 3 and 12 months postpartum in (a) Matsuda Index, (b) ISSI-2, (c) fasting glucose, and (d) 2 h post-challenge blood glucose between groups defined by the change in timing of the peak glucose level. Circles, women with no change in peak glucose at 30 min; triangles, women with a shift to an earlier peak; inverse triangles, women with a shift to a later peak; squares, women with no change at ≥60 min. Comparison of baseline-adjusted changes in (e) ISSI-2 and (f) 2 h post-challenge blood glucose between these groups (*p<0.05 compared with the reference group [no change in glucose peak at 30 min])
OGTT at 12 months. Worsening glucose tolerance was defined as (1) a progression from NGT at 3 months to either prediabetes or diabetes at 12 months postpartum, or (2) a progression from prediabetes at 3 months to diabetes at 12 months. Covariates were chosen based on clinical relevance and univariate analysis (i.e. those that differed between the groups on unadjusted analysis) (Fig. 2) . In the same way as for the linear regression models, sensitivity analyses were performed including only women with NGT at 3 months postpartum (ESM Fig. 1) .
A sample size of 500 women would provide >90% power to detect an R 2 of 0.015 in the change in ISSI-2 attributed to a single independent variable (the shift of glucose peak to a later time point) at a significance level of 0.05, with adjustment for an additional eight independent variables (age, Asian ethnicity, other non-white ethnicity, family history of diabetes, previous GDM, baseline BMI, AUC gluc at 3 months and baseline ISSI-2 at 3 months) with an R 2 of 0.32 (R 2 taken from previous data [11] ).
Results
Characteristics of the study population at 3 and 12 months postpartum The 532 study participants were stratified into the following four groups according to the change in timing of their glucose peak from their OGTT at 3 months postpartum to their repeat OGTT at 12 months postpartum: (1) 217 women (40.8%) had a glucose peak that was unchanged at 30 min between the two visits, (2) 120 (22.6%) had a glucose peak that was shifted to an earlier time point at 12 months compared with 3 months, (3) 87 (16.4%) had a glucose peak that was shifted to a later time point, and (4) 108 (20.3%) had no change in glucose peak at ≥60 min between the two visits. Table 1 shows a comparison of the characteristics of these four groups at 3 and 12 months postpartum. The groups differed in systolic and diastolic BP at 3 months postpartum (both p<0.01) and BMI at 12 months ( p=0.03). More strikingly, they differed significantly in AUC gluc and glucose tolerance at both 3 and 12 months postpartum (all p<0.0001). At both visits, the women with no change in peak glucose at 30 min had the lowest AUC gluc and best glucose tolerance, while those with no change in peak at ≥60 min had the worst metabolic profile. Interestingly, the two intermediate groups showed a marked change in metabolic profile between the two visits. Specifically, the women in whom there was a shift to an earlier peak showed an improvement in the prevalence of NGT from 75% at 3 months to 94.2% at 12 months. Conversely, the group in which there was a shift to a later peak exhibited a worsening of glucose tolerance, with the prevalence of NGT decreasing from 89.7% to 74.7%. As such, at 12 months postpartum, the prevalence of dysglycaemia progressively increased from the group with a peak that was unchanged at 30 min (4.1%) to the women with a shift to an earlier peak (5.8%) to those with a shift to a later peak (25.3%) to the group with an unchanged peak at ≥60 min (41.6%) ( p<0.0001). Figure 1 shows the change in insulin sensitivity (Matsuda Index), beta cell function (ISSI-2), fasting glucose and 2 h glucose level between the 3 and 12 month postpartum visits in each of the four groups. The groups did not differ in their pattern of change in the Matsuda Index ( p=0.53, Fig. 1a ) and fasting glucose level ( p=0.23, Fig. 1c ). In contrast, there were differential changes between the groups in ISSI-2 ( p=0.01, Fig. 1b) and 2 h glucose ( p<0.0001, Fig. 1d ). To further evaluate these differential changes while accounting for the impact of baseline differences in the respective measures, we next compared the baseline-adjusted change in ISSI-2 and post-challenge glucose between the groups. Compared with the reference group (i.e. women with a peak that was unchanged at 30 min), the baseline-adjusted ISSI-2 decreased significantly in both the women with a shift to a later peak and those with a peak unchanged at ≥60 min (Fig. 1e) . Similarly, the latter two groups also showed a significant increase in baseline-adjusted 2 h blood glucose (Fig. 1f) .
Adjusted analyses In light of the univariate associations between the change in glucose peak and the changes in beta cell function and post-challenge glucose values, we performed multiple linear regression analyses of the dependent variables (1) change in ISSI-2 and (2) change in 2 h glucose level between 3 and 12 months postpartum. On these analyses (Table 2) , both a shift to a later peak and no change in glucose peak at ≥60 min were associated with both a decline in ISSI-2 (fully adjusted model: β=−127.5, p<0.001, and β=−98.8, p= 0.006, respectively) and an increase in 2 h glucose (fully adjusted model: β=1.28, p<0.001, and β=0.91, p<0.001, respectively). These findings were unchanged in sensitivity analyses that were limited to only those women with NGT at 3 months postpartum (ESM Table 1 ).
To evaluate the longitudinal association between the change in timing of the glucose peak on OGTT and glucose tolerance after adjustment for covariates, we performed logistic regression analyses with an outcome of worsening of glucose tolerance status (from normal to prediabetes/diabetes at 12 months postpartum or from prediabetes to diabetes at 12 months postpartum) (Fig. 2) . As expected, BMI at 3 months was associated with glycaemic progression (OR=1.09, 95% CI 1.03, 1.16). More interestingly, however, both a shift to a later glucose peak and an unchanged peak at ≥60 min were independently associated with worsening glucose tolerance (OR=8.1, 95% CI 3.0, 22.1 and OR=3.7, 95% CI 1.2, 11.7, respectively). These findings were unchanged on sensitivity analysis limited to women with NGT at 3 months postpartum (ESM Fig. 1 ).
Discussion
In this report, we demonstrate that both a shift of the glucose peak to a later time point and a consistently delayed glucose peak (≥60 min) are independently associated with (1) declining beta cell function, (2) an increased 2 h post-challenge blood glucose level, and (3) worsening of glucose tolerance status over a 9 month period. Moreover, these findings apply even to participants with NGT at baseline. Conversely, a shift of the glucose peak to an earlier time point is associated with improved glucose metabolism. It thus emerges that the dynamic of the time to peak glucose in response to an OGTT is a simple measure that may provide an insight into early changes in beta cell function and glucose tolerance over time.
Several previous studies have demonstrated that the shape of the glucose curve on the OGTT, of which the peak is a Fig. 2 Logistic regression model of (as a dependent variable) worsening of glucose tolerance status between 3 and 12 months postpartum (from normal to prediabetes/diabetes or from prediabetes to diabetes). ORs for changes in the timing of the peak glucose are presented compared with no change in peak glucose at 30 min (the reference group) (log scale) central feature, is associated with glucose homeostasis [3-5, 9, 22-27] . Indeed, a delayed peak has been associated with dysglycaemia and with beta cell dysfunction measured in a variety of advanced ways, including by hyperglycaemic clamp [3-5, 9, 22, 23] . Furthermore, the presence of a delayed peak on an otherwise clinically normal OGTT at 3 months postpartum identifies normoglycaemic women who are at risk of subsequent progression to prediabetes [7] . Most importantly, in a study of 1,282 participants with initial NGT, AbdulGhani et al [9] demonstrated that those whose baseline OGTT showed a quicker return of the postload glucose concentration to their fasting level (i.e. those with an earlier peak) had a lower risk of developing type 2 diabetes over 8 years of follow-up than individuals whose postload glucose fell more slowly (i.e. those with a delayed peak).
While these studies have established the importance of a delayed peak at baseline, the current study now evaluates the implications of changes in the timing of the glucose peak when assessed longitudinally over time with successive OGTTs. Of note, it has previously been shown that, in patients who are early in the course of type 2 diabetes, the improvement in beta cell function induced by short-term intensive insulin therapy is associated with a shift of the glucose peak to an earlier time point [10] . The current study now extends this literature by showing that spontaneous changes in the timing of the post-challenge peak glucose over time are associated with longitudinal changes in beta cell function and glucose tolerance in an otherwise young healthy patient population. These data thus demonstrate that the time to peak glucose is a dynamic variable that tracks with early changes in glucose metabolism.
These data are supported by several strengths in the design of the current study. First, the study population consisted of a large cohort of young women reflecting a broad range of future diabetic risk, who were evaluated by OGTT at two points in time (3 and 12 months postpartum). Second, the range of future diabetic risk within this cohort has previously been shown to manifest in differential changes in beta cell function, insulin sensitivity and glycaemia within this period of observation [20] , leading to differential rates of prediabetes and diabetes in the years thereafter [21] . Third, the women comprising this cohort experienced the full range of changes in peak glucose during this time, from an unchanged peak at either 30 min or ≥60 min, to shifts to either an earlier or later time point. Accordingly, it was possible to show that (1) an unchanged peak at 30 min was associated with the best metabolic profile, (2) an unchanged peak at ≥60 min was present in those with the poorest metabolic profile, (3) a shift of the peak to a later time point was accompanied by a worsening metabolic function, and (4) a shift of the peak to an earlier time point was associated with an improvement in glucose homeostasis.
A limitation of this study is that its observational nature precludes any commentary on cause and effect in the observed longitudinal relationships. Nevertheless, the biological relevance of the current findings is supported by the mutual consistency of the inverse metabolic changes observed with a shift of the glucose peak to later and earlier time points, respectively. Furthermore, it is noteworthy that a delay in the glucose peak (both a chronic and an incident delay) was an independent predictor of worsening glucose tolerance status after adjustment for established diabetic risk factors (Fig. 2) . Indeed, among the latter risk factors, only BMI accompanied a delayed peak glucose as a significant independent predictor of this outcome.
Another limitation of this study is that sampling during the OGTTs was only performed at four time points, as measurement at more time points may provide a greater resolution of the timing of the glucose peak. In addition, beta cell function and insulin sensitivity were assessed with surrogate indices rather than more direct measures such as clamp studies. However, owing to their time-consuming nature, clamp studies would have been difficult to complete on two occasions in the first year postpartum in 532 new mothers. Moreover, it should be noted that ISSI-2 and the Matsuda Index are validated measures that have been widely used in previous studies [11, [14] [15] [16] [17] [18] [19] [20] [21] . Finally, the clinical application of the time to peak glucose is limited by the requirement for a multisample OGTT. It is also possible that time to peak glucose may shift in either direction over time, as occurs with glucose tolerance categories [28] . Further longitudinal studies will thus be needed to evaluate the natural history of the time to peak glucose and its determinants.
The current data demonstrate that a delayed glucose peak is independently associated with worsening beta cell function after adjustment for covariates and even when limited to women with NGT (Table 2 and ESM Table 1 ). Coupled with the previous demonstration that the improvement in beta cell function induced by short-term intensive insulin therapy in early type 2 diabetes is associated with an earlier shift of the glucose peak [10] , these data potentially implicate beta cell function as a pathophysiological basis for the link between peak glucose and dysglycaemia.
However, it should also be recognised that the timing of the glucose peak on the OGTT probably reflects the complex interaction of several physiological factors that are triggered by the oral glucose challenge. Besides early-phase insulin secretion, these physiological factors include intestinal glucose absorption, glucagon suppression, secretion of incretins and glucose disposal [29] [30] [31] [32] . The relative contributions of each of these factors are difficult to determine. In this context, it seems prudent to conclude that the current data suggest that the timing of peak glucose may provide an integrated measure of multiple physiological processes involved in glucose regulation, one that is sensitive to the subclinical metabolic changes associated with the progression of dysglycaemia early in the natural history of prediabetes/diabetes.
In conclusion, both a shift of the glucose peak to a later time point and an unchanged glucose peak at ≥60 min are independently associated with declining beta cell function, increased 2 h blood glucose and worsening glucose tolerance status. These relationships of incident and chronically delayed peak glucose are present even in women with NGT at baseline. Thus, the time to peak glucose in response to an OGTT emerges as a dynamic measure that may provide insight into early changes over time in beta cell function and glucose tolerance. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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